Fibroblast growth factor-23 (FGF23) induces phosphaturia through its effects on renal tubules. Higher levels of FGF23 associate with cardiovascular disease (CVD) events and all-cause mortality, but it is unknown whether these associations differ by the degree of phosphaturia. Here, we measured serum FGF23 and 24-hour urine fractional excretion of phosphorus (FePi) in 872 outpatients with stable CVD and a mean estimated GFR of 71 ml/min per 1.73 m 2 . During an average 7.5 years of follow-up, there were 337 deaths and 199 CVD events. Urinary FePi significantly modified the association of FGF23 with each outcome (P interaction,0.001 for all-cause mortality and P interaction,0.05 for CVD events). In models adjusted for CVD risk factors, kidney function, and PTH, those patients who had FGF23 above the median ($42.3 relative units [RU]/ml) but FePi below the median (,15.7%) had the highest risks of both all-cause mortality (HR=1.98, 95% CI=1.42-2.77) and CVD events (HR=1.92, 95% CI=1.25-2.94) compared with those patients who had low concentrations of FGF23 and low FePi. In summary, associations of FGF23 with mortality and CVD events are stronger in persons with lower FePi independent of PTH and kidney function. In such individuals, the renal tubular response to FGF23 may be suboptimal.
and 199 CVD events. Urinary FePi significantly modified the association of FGF23 with each outcome (P interaction,0.001 for all-cause mortality and P interaction,0.05 for CVD events). In models adjusted for CVD risk factors, kidney function, and PTH, those patients who had FGF23 above the median ($42.3 relative units [RU]/ml) but FePi below the median (,15.7%) had the highest risks of both all-cause mortality (HR=1.98, 95% CI=1.42-2.77) and CVD events (HR=1.92, 95% CI=1.25-2.94) compared with those patients who had low concentrations of FGF23 and low FePi. In summary, associations of FGF23 with mortality and CVD events are stronger in persons with lower FePi independent of PTH and kidney function. In such individuals, the renal tubular response to FGF23 may be suboptimal. Fibroblast growth factor-23 (FGF23) is a hormone secreted primarily by bone osteocytes into the circulation. In the kidney tubule, its two major actions are to promote phosphaturia and inhibit the conversion of calcidiol (25[OH] vitamin D) to the active hormone calcitriol (1, 25 [OH] 2 vitamin D). 1 In concert, these actions lower serum phosphorus concentrations. 2 Prior studies have shown that higher FGF23 concentrations are associated with a greater burden of atherosclerosis in crosssection, and several studies, including a prior study in the Heart and Soul Cohort, have shown that higher FGF23 concentrations are strongly associated with mortality [3] [4] [5] and cardiovascular disease (CVD) events. [4] [5] [6] With even very modest decrements in kidney function, FGF23 concentrations are frequently elevated. This finding is often observed at a stage of CKD where parathyroid hormone (PTH) and serum phosphorus concentrations remain normal. 7, 8 This finding, coupled with the observation from prior studies that associations of FGF23 concentrations with adverse outcomes may be stronger in patients with CKD, [9] [10] [11] [12] led us to hypothesize that high FGF23 concentrations may identify a novel dimension of kidney function that is not fully captured by estimated GFR (eGFR) or albuminuria. Specifically, we hypothesized that, independent of eGFR and albuminuria, FGF23 concentrations may be particularly high in individuals with kidney tubules that are less capable of responding to a high FGF23 stimulus.
Because FGF23 is known to induce phosphaturia, 1 the fractional excretion of phosphorus (FePi) is higher, on average, in individuals with higher FGF23 concentrations. 13 However, there is a wide distribution of FePi at any given FGF23 concentration, suggesting considerable biologic variability in the renal response to FGF23. In individuals with relative renal tubule resistance to FGF23, serum FGF23 concentrations may be secondarily increased in a feedback loop in an attempt to further increase phosphorus excretion. 14, 15 To our knowledge, no prior study has examined the joint relationships of FGF23 concentrations and urine FePi with adverse outcomes. To that end, we evaluated the strength of the associations of serum FGF23 concentrations with mortality and CVD events and determined the extent to which these associations were modified by the degree of renal phosphorus excretion. We hypothesized that associations of FGF23 concentrations with either outcome would be stronger in the subset of individuals with lower urine FePi.
RESULTS
Among the 872 study participants, the mean age was 67611 years; 82% of participants were male, and 61% of participants were white. Table 1 .) Compared with participants with FGF23 concentrations below the median, those participants with higher concentrations were more frequently female, were less likely to be using hormone replacement therapy, were more frequently white, had higher body mass index (BMI), were more likely to smoke, and had higher C-reactive protein (CRP), lower eGFR, higher albumin-tocreatinine ratio (ACR), higher PTH, higher serum phosphorus, and higher FePi. Compared with participants with urine FePi below the median, those participants with higher FePi were older, were more frequently male and white, were less likely to smoke, and had lower eGFR, higher PTH, lower serum phosphorus, lower serum calcium, higher urine phosphorus, and higher FGF23 concentrations. Table 2 shows correlations between the serum and urine markers of mineral metabolism with one another and eGFR at baseline. The strongest correlations were between eGFR and . However, we observed that the association of FGF23 with either outcome was modified by the FePi level (P interaction,0.001 for mortality and P interaction,0.05 for CVD events).
To explore the interactions, we developed four mutually exclusive categories defined by FGF23 and FePi above or below their medians and set the group with low FGF23 and low FePi as the reference category. In a model adjusted for age, sex, estrogen use (women), and race, those participants who simultaneously had high FGF23 and low FePi were at the highest risk of all-cause mortality (HR=2.21, 95% CI=1.60-3.06). The high FGF23/high FePi category was at intermediate mortality risk, whereas the low FGF23/high FePi category had risk similar to the referent category (HR=1.96, 95% CI=1.45-2.66 and HR=0.97, 95% CI=0.68-1.37, respectively) ( Table 3) .
Additional adjustment for CVD risk factors, eGFR, ACR, and PTH did not materially change the associations.
Results were similar for CVD events, where the high FGF23/ low FePi category was at approximately twofold risk of CVD events compared with the low FGF23/low FePi reference category in adjusted models. The high FGF23/high FePi category and low FGF23/high FePi category were at intermediate risk (HR=1.21, 95% CI=0.78-1.86 and HR=1.04, 95% CI=0.66-1.63, respectively). To examine the nature of these relationships further, we stratified participants into quartiles based on FGF23 concentration. Participants with FGF23 in the highest quartile who nonetheless had FePi below the median were at highest risk of death and CVD events (Figure 1 ).
We also explored associations when participants were stratified based on eGFR,60 ml/min per 1.73 m 2 versus higher. The high FGF23/low FePi category remained the highest risk group and was associated with a two-to threefold higher risk of mortality and CVD events, regardless of CKD status (Table 4) .
DISCUSSION
In the Heart and Soul Cohort, we have previously reported that higher FGF23 concentrations are associated with all-cause mortality and CVD events. 5 Similarly, in general population cohorts, higher FGF23 concentrations have been associated with mortality, 9 CVD events, 9 atherosclerosis, 10 left ventricular hypertrophy, 12 and arterial stiffness and dysfunction. 11 Here, we extend these findings by evaluating the joint associations of FGF23 and renal fractional excretion of phosphorus for the first time. In this study, among 872 outpatients with a range of kidney function from normal to moderate CKD, we found that higher FGF23 concentrations are more strongly associated with mortality and CVD events when they are accompanied by lower 24-hour urine fractional excretion of phosphorus independent of eGFR, PTH concentrations, or CVD risk factors. Klotho is a membrane-bound cofactor that is required for FGF23 binding to its receptor in the renal tubule and subsequent induction of phosphaturia. 16 Kidney biopsy studies show that persons with CKD and ESRD have lower renal tubular klotho expression, 17 low serum soluble klotho, and low urine klotho concentrations. 18, 19 Prior studies in mice show that klotho haplo insufficiency (approximately 50% reduction in klotho) is accompanied by an approximately threefold higher FGF23 concentration, suggesting that FGF23 may be increased in a compensatory fashion to induce its biologic effects when klotho is decreased. 14, 15 In this context, our findings could suggest that concurrent high FGF23 and low FePi may be serving as a noninvasive marker of low kidney klotho expression or activity. Future studies with kidney pathology specimens suitable for klotho assays are required to confirm this hypothesis.
Recently, other markers of renal tubular dysfunction and injury have been associated with adverse outcomes in communityliving cohorts independent of eGFR and albuminuria. For example, kidney tubule and collecting duct cells are critical for acid/base regulation. Low serum bicarbonate concentrations have been identified as a marker of CKD progression independent of eGFR. 20 Similarly, neutrophil gelatinaseassociated lipocalin, a marker of kidney tubule cell damage originally identified in AKI studies, 21 has been associated with interstitial fibrosis and tubular atrophy in renal biopsies in community-living patients with CKD. 22 Moreover, higher urine neutrophil gelatinase-associated lipocalin concentrations were recently associated with incident development of CKD in community-living individuals without AKI. 23 Similar findings have been reported for other markers of kidney tubule cell damage. 24 Our results suggest that concurrent high Figure 1 . Adjusted HRs of FGF23 quartiles with mortality and CVD events stratified by urine fractional excretion of phosphorus above versus below the median. The low FGF23 quartile served as the reference category. Models were adjusted for age, sex, estrogen use (women), race, diabetes, systolic BP, BMI, total cholesterol, HDL cholesterol, smoking, CRP, eGFR, ACR, and PTH. Cut points for FGF23 quartiles were quartile 1, FGF23,27.7 RU/ml; quartile 2, FGF23=27.8-42.3 RU/ml; quartile 3, FGF23=42.3-69.5 RU/ml; quartile 4, FGF23.69.5 RU/ml. FGF23 and low FePi may identify individuals at higher risk of mortality and CVD events, outcomes that are tightly linked with CKD. 25 Collectively, these data suggest that noninvasive markers of kidney tubule dysfunction and injury may provide information on risk of adverse outcomes above and beyond eGFR and ACR.
A recent study reported that FGF23 directly induced cardiac myocyte hypertrophy in mice through pathways independent of klotho. 14 The idea that FGF23 may be directly toxic does not necessarily exclude the concept that higher levels may mark renal tubule dysfunction. Kidney tubule resistance to FGF23 actions or klotho deficiency may secondarily lead to higher FGF23 concentrations, 14 and higher FGF23 concentrations, in turn, may have adverse consequences on cardiac cells.
Strengths of this study include simultaneous availability of serum FGF23 concentrations, 24-hour urine phosphorus, multiple potential confounding variables, and long-term follow-up for adjudicated CVD events and mortality. The study also has important limitations. Despite the unique availability of 24-hour urine measurements in a relatively large cohort, urine measurements were made at a single point in time, and the effect of variability in these measurements over time cannot be assessed. Use of vitamin D supplements, serum vitamin D concentrations, and klotho measurements were not available. We used the C-terminal FGF23 assay; whether the results would be similar using the full-length assay is uncertain. Participants were predominantly male; all had prevalent CVD at baseline, and few had advanced CKD. Whether results generalize to individuals without CVD or with more advanced CKD requires future study.
In conclusion, in community-living individuals with stable CVD and a spectrum of kidney function ranging from normal to moderate CKD, higher FGF23 concentrations are more strongly associated with mortality and CVD events when simultaneously accompanied by lower urine fractional excretion of phosphorus. Concurrent measurement of FGF23 and urine FePi may provide a noninvasive index of kidney tubule resistance to FGF23 action. The association of FGF23 with adverse clinical outcomes reported here and elsewhere may, in part, reflect kidney tubule dysfunction that is not captured by measurement of eGFR and albuminuria alone.
CONCISE METHODS

Participants
The Heart and Soul Study is an observational study designed to investigate the influence of psychosocial factors on the progression of CVD. Study design and recruitment techniques have been described elsewhere. 26 Briefly, persons with prevalent coronary artery disease in San Francisco Bay area outpatient clinics were invited to participate if they met one of the following inclusion criteria: a history of myocardial infarction (MI), angiographic evidence of .50% stenosis in more than or equal to one coronary artery, evidence of exercise-induced ischemia using treadmill or nuclear testing, history of coronary artery revascularization, or documented diagnosis of coronary artery disease by an internist or cardiologist. Exclusion criteria included inability to walk 1 block, MI within the previous 6 months, or plans to leave the area within 3 years. The Institutional Review Boards of the participating centers approved the study protocol, and all participants provided written informed consent.
From September of 2000 to December of 2002, a total of 1,024 participants enrolled and had a baseline study visit, during which time they provided medical history, underwent a physical examination, and answered a comprehensive health status questionnaire. Participants also provided fasting (12-hour) morning venous blood samples and 24-hour urine collections. 5 For the present analysis, we excluded participants with insufficient blood for FGF23 measurement (n=36) or missing serum phosphorus (n=5), urine phosphorus (n=92), urine creatinine (n=1), or any covariate data (n=18), resulting in a final sample of 872 participants.
Measurements FGF23
Plasma FGF23 concentrations were measured two times in each individual in the same baseline blood specimen using a C-terminal 27 The intra-assay coefficient of variation (CV) was ,5.1%, and interassay CVs were 9.9% at a concentration of 36.4 RU/ml and 12.6% at a concentration of 379 RU/ml.
Urinary Fractional Excretion of Phosphorus
Serum and urine creatinine were measured using the rate Jaffé method. Serum phosphorus was measured on fasting morning blood specimens using a Vitros 950IRC analyzer (Ortho Clinical Diagnostics; www.orthomedical.com). The range was 0.3-13 mg/dl with a CV ,3.5%. Urine phosphorus was measured in 24-hour urine specimens using the Cobas 6000 analyzer (Roche Diagnostics; www.roche.com) with lower limit of detection 3.4 of mg/dl and CV=1.4%-1.7%. The fractional excretion of phosphorus (FePi [%]) was calculated as [urine phosphorus (mg/dl)/serum phosphorus (mg/dl)]3[serum creatinine (mg/dl)/urine creatinine (mg/dl)]3100.
All-Cause Mortality and Cardiovascular Events
Participants or their proxies were contacted annually from the time of enrollment through May 2, 2012, and they were asked about hospitalizations, cardiac procedures, and death. Two independent and blinded adjudicators classified events using medical records, electrocardiograms, death certificates, and coroners' reports. In the event of disagreements, the adjudicators conferred, reconsidered their decision, and requested a third blinded adjudicator when necessary.
All-cause mortality was determined by review of death certificates. CVD event was defined as MI, stroke, transient ischemic attack, or CVD death. MI was defined by cardiac biomarkers, electrocardiography results, and cardiac symptoms or signs according to the American Heart Association Criteria. 28 Stroke was defined as a new neurologic deficit not secondary to brain trauma, tumor, infection, or other cause. Transient ischemic attack was defined as a focal neurologic deficit (in the absence of head trauma) lasting more than 30 seconds and no longer than 24 hours, with rapid symptom evolution to the maximal level of deficit in less than 5 minutes with subsequent complete resolution. CVD death was defined as (1) death during the same hospitalization in which an acute MI was documented or (2) death not explained by other causes that occurred within 1 hour of the onset of terminal symptoms.
Other Measurements
Age, sex, race/ethnicity, and smoking status were determined by questionnaire. Participants brought all medication bottles to the baseline visit, and this information was recorded by study personnel. BP was measured with a calibrated sphygmomanometer in the supine position after 5 minutes of rest. Weight and height were measured in light clothes and without shoes. BMI was calculated as weight (in kilograms) divided by height (in meters) squared. Diabetes was defined as self-reported history of diabetes or use of oral glucoselowering medications or insulin. Urine albumin was measured using nephelometry and indexed to urine creatinine toyield ACR in milligrams per gram. 29 Cystatin C was measured using a BNII nephelometer (Siemens; www.medical.siemens.com) that used a particle-enhanced immunonephelometric assay (N Latex Cystatin C). 30 The assay range is 0.195-7.330 mg/L, with intra-assay CV ranging from 2% to 2.8% and interassay CV ranging from 2.3% to 3.1%. The GFR was estimated using the equation eGFR=76.73(serum cystatin C) 21.19 . 31 Plasma PTH levels were measured using the Roche immunoassay on an Elecsys E170 automated analyzer. The lower limit of detection was 6 pg/ml. The CV of the assay is 1.8% at a concentration of 167 pg/ml and 3.0% at 20 pg/ml. Serum calcium was measured using a Vitros 950IRC analyzer (Ortho Clinical Diagnostics; www.orthomedical.com). The assay range was 1-14 mg/dl with a CV,2%. High-sensitivity CRP concentrations were measured with the Roche assay (Roche Diagnostics; www.roche.com) and the Beckman Extended Range assay (Galway, Ireland). The interassay CV was 6.7%, and the intra-assay CV was 6.2%. Total cholesterol and HDL levels were measured using standard clinical analyzers.
Statistical Analyses
Participants were divided into two categories based on FGF23 concentrations above or below the median. Participants' baseline characteristics were compared between groups using the t test for continuous variables, the Mann-Whitney U test for skewed variables, and the chi-squared test for categorical variables. This analysis was repeated categorizing participants into two groups based on urine FePi levels above or below the median. We used Pearson correlations to examine the cross-sectional relationship of FePi, natural logtransformed FGF23, serum phosphorus, natural log-transformed PTH, serum calcium, and eGFR.
Next, we created four mutually exclusive groups based on FGF23 and FePi levels above versus below the median. We used Cox proportional hazards regression to evaluate the associations of FGF23/FePi categories with all-cause mortality and CVD events using the low FGF23/low FePi group as the referent. The first model was adjusted for age, sex, race/ethnicity, and estrogen use (in women). The second model was additionally adjusted for CVD risk factors (diabetes, systolic BP, BMI, total cholesterol, HDL cholesterol, smoking, and CRP), eGFR, ACR, and PTH. We tested nested models with and without an FGF233FePi interaction term, and statistical significance was determined using the likelihood ratio test. Last, we evaluated whether associations seemed similar in persons with or without CKD. We stratified participants based on presence or absence of CKD (eGFR,60 ml/min per 1.73 m 2 ) and evaluated the four mutually exclusive FGF23/FePi categories within each strata. Analyses were conducted using Stata SE version 11.0 (StataCorp, College Station, TX), and P values,0.05 were considered statistically significant for all analyses, including interaction terms.
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